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A series of microcrystalline silicon n2i2p solar cells has been deposited by very high frequency
plasma enhanced chemical vapor deposition at various values of silane to hydrogen source gas ratio
and on two different substrate types. Relationships between microstructure and electrical
characteristics of these solar cells are investigated by transmission electron microscopy, atomic
force microscopy, and I(V) measurements. A mixed phase ~so-called heterophase! layer consisting
of amorphous plus microcrystalline material is observed at the bottom of the solar cell and identified
here as one of the key microstructural features of the device: the relationship between the crystalline
nuclei density and the heterophase layer thickness is presented as well as its relationship with the
open-circuit voltage (Voc). The effects of substrate roughness and of silane to hydrogen gas ratio
used for the fabrication of the device on the heterophase layer are evidenced. These observations
underline the importance of the first stages of growth of the intrinsic ~i! layer for the fabrication of
high- Voc n2i2p microcrystalline solar cells.I. INTRODUCTION
Microcrystalline silicon (mc2Si:H) is a promising ma-
terial for thin-film (,10 mm) solar cell applications.1 This
material is commonly prepared with a plasma enhanced
chemical vapor deposition ~PECVD! process using silane di-
luted with hydrogen in the plasma gas phase. Microcrystal-
line silicon is not a unique, well-defined material but a com-
plex mixture of amorphous and nanocrystalline silicon plus
grain boundaries.2 The respective amorphous/
microcrystalline volume fraction depend mostly on the silane
concentration (SC5@SiH4#/@SiH41H2#) used for the depo-
sition of the material. Despite the complexity in material
microstructure, performant photovoltaic cells have already
been fabricated, with electrical conversion efficiencies over
9%.3–5 Currently the best devices are obtained with i layers
prepared under conditions close to the amorphous/
microcrystalline transition, and thus SC is an important pa-
rameter for device optimization.5–7 Furthermore, the sub-
strate, on which deposition takes place, plays a critical role
on microcrystalline growth,8–11 particularly at deposition
conditions close to the amorphous/microcrystalline transi-
tion. Under these deposition conditions, the thickness evolu-
tion of the material crystallinity also exhibits a transition
from amorphous to microcrystalline within the range 0.5 –
1.5 mm.8 However, an open question that remains is to which
extent the material microstructure influences the electrical
characteristics of the device. For this study, the material as
incorporated into the active device has been characterized
with atomic force microscopy ~AFM!, transmission electron
microscopy ~TEM! and x-ray diffraction ~XRD!. These char-
acterization techniques have been applied directly to two di-
lution series of n2i2p solar cells deposited for various val-
a!Electronic mail: julien.bailat@unine.chues of SCs. The two series were obtained by depositing the
cells in the same run on two different substrates, namely, on
a glass substrate with a sputtered ZnO layer and on a glass
substrate with a ZnO layer fabricated by low pressure chemi-
cal vapor deposition ~LPCVD!.
In the series of devices studied here, in contrast with
Ref. 5, the amorphous volume fraction is not homogenously
distributed over the whole device thickness. Along the first
hundreds of nanometers the microstructure consists of a mix-
ture of conical conglomerates of crystallites embedded in an
amorphous tissue that will be called thereafter the het-
erophase layer.
The density of crystalline nuclei and the height of the
heterophase layer are identified here as the dominant micro-
structural parameters in the relationship between material
microstructure and device electrical performances.
II. EXPERIMENT
A. Cell fabrication
Two dilution series of n2i2p mc2Si:H solar cells
were deposited on glass substrates coated with transparent
conductive oxide ~TCO! layers. A series of cells was depos-
ited on aluminum-doped sputtered ZnO, a rather flat TCO
~root-mean-square roughness of 4 nm!, whereas another se-
ries was deposited on boron-doped LPCVD ZnO, which is a
much rougher TCO (rms560 nm). The n2i2p cells were
deposited in the same run on both TCOs at SC for the i layer
of 5%, 5.5%, 6%, 6.5%, and 7%. The other deposition pa-
rameters of the i layer were a substrate temperature of
250 °C, a pressure of 0.5 mbar, a plasma excitation frequency
of 130 MHz and a power of 30 W, and they were maintained
constant in the whole series. Under these conditions, the
thickness of the i layer was approximately 2.2 mm for the
cells on sputtered ZnO and 2.7 mm for the cells on LPCVD
2FIG. 1. ~a! AFM scan of the top layer ~p layer! of the solar cell with SC55% on sputtered ZnO. Such topography is representative of all the cells of this
series. The lateral size of the surface features, measured from the Fourier transform power spectrum of the AFM scan is 600 nm. ~b! AFM scan of the top layer
~p layer! of the solar cell deposited with SC55% on LPCVD ZnO. This surface morphology is representative of all the cells of this series. Conglomerate
lateral size, measured from the Fourier transform power spectrum of the AFM scan is in the order of 1000 nm.ZnO. The deposition parameters of the n and p layers were
the same for the whole series and were optimized in such a
way as to produce highly microcrystalline material on glass.
B. Characterization of the microstructure of the i
layer
XRD was used on all the cells in order to evaluate the
average crystallinity of the whole device. XRD was per-
formed on a Philips PW3020 diffractometer, using the
Bragg–Brentano geometry (q22q scan!. An accelerating
voltage of 30 kV and a current of 40 mA were used to pro-
duce Cu Ka radiation at a wavelength of 1.5418 Å.
TEM permits to observe the microstructure of the vari-
ous ~ZnO, n, i, and p! layers within the cell. A piece of each
cell ~except for cells deposited at 6% SC! was prepared as a
cross-section sample for TEM examination with the help of
the technique described in Ref. 12. This technique consists of
gluing head to tail two pieces of the sample in order to obtain
a ‘‘sandwich.’’ Then, a corner with an angle between 0.6°
and 0.9° is made by mechanically polishing the sandwich.
The last step of this technique, a short ion milling procedure,
is used only for sample cleaning. TEM observations were
made on a Philips CM200 TEM microscope operated at
200 kV.
AFM was performed on the top p layer of the device in
order to evaluate the root mean square roughness and the
lateral size of the plasma-exposed growing surface features.
These measurements were performed in the noncontact ~tap-
ping! mode on a Vista Burleigh Instruments scanning probe
microscope.
III. RESULTS
A. Surface topography
In Fig. 1~a!, an AFM scan of the top surface, i.e., the p
layer, representative of all the cells deposited on sputtered
ZnO is given. By comparing the AFM and TEM micrographs
on the same solar cell @cf. Figs. 1~a! and 2~a!#, we can con-
clude that conglomerates of crystallites with an average di-ameter of approximately 600 nm emerge at the growing sur-
face of the p layer. In this dilution series, there is no major
effect of SC on the surface roughness of the device, the latter
is comprised between 20 and 25 nm ~rms value! ~Fig. 3!. It is
larger than the initial roughness of the TCO (rms54 nm)
and it is similar to fully microcrystalline layers of compa-
rable thickness directly deposited on glass.2
FIG. 2. TEM dark-field micrographs of the cells deposited at SC55% and
at SC57% on flat sputtered ZnO, ~a! and ~b!, respectively. The heterophase
layer is barely visible in ~a! whereas it is much larger in ~b!. The highly
microcrystalline n layer clearly appears as a thin line made up of shiny dots
on top of dark sputtered ZnO ~b!. TEM bright-field micrographs of cells
deposited at SC55% and SC56.5% on LPCVD ZnO, ~c! and ~d!, respec-
tively. The amorphous phase ~homogeneously gray! in the heterophase layer
is clearly visible in ~d!. Note the conical shape of the conglomerates of
grains and the enhancement of their lateral size in ~c! and ~d! compared to
~a! and ~b!. AFM scans of the surface of the cells presented in ~a! and ~c! are
shown in Fig. 1.
3The surface topography of cells deposited on top of
LPCVD ZnO consists of cauliflower-like grains @see Fig.
1~b!#. By comparison with our TEM micrograph of the same
cell @cf. Fig. 2~c!#, we conclude that large conglomerates of
crystallites emerge at the surface. The lateral size of the con-
glomerates, as evaluated from the power spectrum of the
Fourier transform of the AFM micrograph, is approximately
1 mm, i.e., almost twice as much as that evaluated for micro-
crystalline material grown on flat sputtered ZnO. As sup-
ported by TEM micrographs ~see below!, the enhanced lat-
eral size of the conglomerates in cells grown on LPCVD
ZnO as compared with that of cells grown on flat sputtered
ZnO can be explained in terms of competitive growth pro-
moted by the surface roughness of the substrate. The top
surface roughness of the series of cells ~Fig. 3! deposited by
LPCVD ZnO increases with increasing SC, from values
close to those measured for the cells on sputtered ZnO to-
wards the typical value measured for the LPCVD ZnO bare
substrate ~rms value of 60 nm!. The evolution of top surface
roughness with SC ~for a given substrate! is of importance
for light trapping purpose. Indeed, according to the definition
and calculated values in Ref. 13 for the optical scattering
factor, the latter varies notably in the range of rms roughness
measured here ~in Fig. 3!.
B. Bulk microstructure
A characteristic TEM micrograph of an n2i2p cell de-
posited on sputtered ZnO is given in Fig. 4. At the bottom of
the micrograph, the TCO appears dark. It consists of crystal-
lites ~average diameter of about 40 nm! emerging to the sur-
face with well defined but short facets. On top of it, the n
layer appears compact and strongly microcrystalline. Its
thickness of about 30 nm is constant over the field of obser-
vation. On top of the n layer, the i layer exhibits a more
complicated microstructure. It consists of three phases: the
FIG. 3. Rms roughness measured on the p layer by AFM on both series of
cells. For the cells deposited on sputtered ZnO, the top layer rms roughness
is larger than the roughness of the flat substrate ~straight line at bottom!. On
the other hand, the rms roughness of the cells deposited on the rough
LPCVD ZnO surface is equal to or smaller than the initial rms roughness of
the substrate.conical conglomerates of nanocrystals ~the so-called micro-
crystalline phase, appearing with the whole black and white
contrast on the micrograph!, the amorphous phase ~appearing
uniformly gray on the micrograph! and finally, in some
cases, cracks/voids. This mixed phase layer will thereafter be
called ‘‘heterophase layer.’’ It is within this layer that the
volume fraction of amorphous material is higher than within
the rest of the i layer. Such a heterophase layer has been
observed in all the solar cells presented here. Above the het-
erophase layer, starting at the so-called contact threshold
where microcrystalline cones coalesce, microcrystalline col-
umns grow up to the top of the solar cell ~see Fig. 2!. Note
that the medium resolution TEM studies conducted here do
not permit to quantify the volume fraction of amorphous
material still present above the heterophase layer. We will,
therefore, focus our study on the modifications of the het-
erophase layer with SC and the substrate type, that are ob-
servable modifications of the microstructure of the i layers in
the solar cells presented here.
In the aim of describing quantitatively the evolution of
the microstructure and specifically of the heterophase layer
of the material incorporated in the devices, two parameters
measured on TEM micrographs will be used in this paper:
the linear nuclei density nd and the heterophase layer thick-
ness h. The linear nuclei density is the average number of
nuclei per micrometer. By definition, the inverse of nd is the
mean distance between two nuclei. The heterophase layer
thickness h ~nm! is evaluated as the average thickness at
which the conglomerates of crystallites coalesce, measured
on a vertical line from the top of the n layer in n2i2p solar
cells.
In the series of cells deposited on sputtered ZnO, we can
observe that every conglomerate starts growing from the n
layer. Thus, this doped layer plays the role of a nucleation
layer. Note that in this series ~as in the next series on LPCVD
ZnO!, no continuous amorphous incubation layer separating
the underlying ~microcrystalline! doped layer and the micro-
crystalline i layer can be observed, as had been previously
FIG. 4. TEM bright-field micrograph of the first hundreds of nanometers of
an n2i2p solar cell. The i layer was deposited with SC57% on a highly
microcrystalline n-layer on top of sputtered ZnO. The i-layer microcrystal-
line phase consists of conical conglomerates of nanocrystals, which are em-
bedded in an amorphous matrix. The height at which conglomerates coa-
lesce is defined as the thickness of the heterophase layer h. On this
micrograph, the nucleation density nd is approximately 5 mm21.
4reported for p2i2n solar cells.14 High resolution TEM
~HRTEM! observations of the n2i interface indicate that the
i-layer crystallites grow epitaxially on the n-layer grains, as
already reported.15 The mean lateral size of the nuclei of the
i layer is of the order of the n-layer thickness ~i.e., 30 nm!
~see Fig. 4!. The gap between the nuclei is filled with amor-
phous material. As growth proceeds, the conical conglomer-
ates of nanocrystals coalesce and finally result in compact
columnar microstructure. The influence of SC on nd and on h
is shown in Figs. 5~a! and 5~b!. The decrease of h and in-
crease of nd are in good agreement with the overall change
of crystallinity as observed on XRD spectra ~Fig. 6!. What
these XRD spectra do not indicate is the location of the
amorphous fraction, which is shown by our TEM studies to
lie mostly at the bottom of the i layer. Note that the evalua-
tion of the crystallite size from these XRD indicates that, in
both dilution series, the average crystallite size remains
within the limited range of 20 nm64.
On the other hand, the LPCVD ZnO coated glass sub-
strate is a rough ~rms roughness of about 60 nm! substrate
consisting of regular tetrahedrons as previously described.16
TEM micrographs of the solar cells deposited on this sub-
strate are given in Figs. 2~c! and 2~d!. As we could deduce
from TEM micrograph of the cell deposited at SC57%
~shown in Ref. 10!, which is almost completely amorphous
~see XRD spectrum in Fig. 6!, the n layer on LPCVD ZnO is
thicker on top of the tetrahedrons than in the valleys in be-
tween and not as compact as on sputtered ZnO. On top of the
n layer, the nucleation of i-layer is not homogenous over the
TCO, but occurs preferentially on the upper part of the ZnO
FIG. 5. ~a! Evolution of linear nuclei density nd of the cells on sputtered and
LPCVD ZnO as a function of silane concentration. ~b! Evolution of the
heterophase layer thickness on sputtered ZnO and LPCVD ZnO as a func-
tion of silane concentration. Heterophase layer thickness is significantly
higher on LPCVD ZnO, as most of the material deposited in the valleys of
the TCO is amorphous. Note that both h and nd , on both TCOs, follow the
same trend versus the silane concentration.tetrahedrons. The lateral dimensions of the crystalline nuclei
are of the same size as for cells on sputtered ZnO.
Then the crystallites grow almost perpendicular to the
facets of LPCVD ZnO, forming large conglomerates, with
lateral dimensions comparable to the lateral sizes of the ZnO
tetrahedrons. In the first stage of growth these conglomerates
are surrounded with amorphous material. When the coales-
cence of the conglomerates occurs, i.e., after 200–350 nm of
growth @Figs. 2~c! and 2~d!#, the heterophase layer ends de-
pending on the height of the ZnO tetrahedrons. This makes
the thickness of the heterophase layer h a parameter, which is
very sensitive to the topography of the TCO. For this reason
we prefer to use as parameter the linear nuclei density nd , in
order to compare the cells grown on TCOs with different
topographies. We have plotted in Fig. 5 the variation of h and
nd vs SC for cells deposited on sputtered ZnO and on
LPCVD ZnO.
IV. DISCUSSION
A. Microstructure of nÀiÀp cells
We have sketched the evolution of the microstructure of
the i layer in solar cells deposited on flat sputtered ZnO in
Figs. 7~a! and 7~b!. These sketches suggest an analogy be-
tween the shape of the conglomerates and a pencil box.17
Indeed, the conglomerates exhibit a cone-shaped end and a
cylindrical or columnar body. Within this analogy, the tip of
the pencil represents the nucleus of the first grain starting a
conglomerate. The other grains then join the first grain and
extend it vertically and laterally, forming the cone-shaped
end of the conglomerate. The average opening angle of this
cone as measured on the whole dilution series is 15°63°
~with respect to the normal to the substrate!. The conglom-
erates coalesce at the contact threshold, which corresponds to
the thickness of the heterophase layer h. The analogy of the
pencil box holds well for the sample deposited at SC55%
@Fig. 2~a!#, whereas for the solar cell deposited at SC57%
FIG. 6. ~a! Raw XRD spectra of the cells on sputtered ZnO and ~b! on
LPCVD ZnO. Crystalline volume within the solar cell evolves as the total
area under XRD ~Si! peaks. The density of nuclei nd decreases when overall
crystallinity decreases.
5some competitive growth between the conglomerates above
the heterophase layer can be observed @Fig. 2~b!#, resulting
in noncylindrical bodies of the pencils.
In Figs. 5~a! and 5~b!, the inverse trend between h and
nd can be understood on sputtered ZnO by the observation of
an almost constant opening angle a of the cone-shaped be-
ginning of the conglomerates. From basic geometry, one can
deduce the following relationship between the heterophase
thickness h and the nucleation density nd :
nd51/@2h tan~a!# .
This simple relationship explains that h and nd should, in-
deed, follow an inverse trend. In Fig. 5, this inverse trend is
also observed for cells on LPCVD ZnO.
In Fig. 5~a!, is also plotted the linear nuclei density for
both types of substrate. Note that nd is, within a factor of
two, lower on LPCVD ZnO than on sputtered ZnO. Whether
this effect is due to the topography of the substrate or to the
different n layer quality is still an open question.
Another characteristic of the microstructure of devices
deposited on rough TCO is the growth direction of the crys-
tallites: they start growing normal to the facet of the LPCVD
ZnO tetrahedrons.14,18 As growth proceeds, the direction of
growth changes towards the normal of the average substrate
plane. The ZnO tetrahedrons, thus, promote a starting fan-
like growth of the conglomerates @see Figs. 7~c! and 7~d!#.
FIG. 7. Sketches of the microstructure evolution with respect to silane con-
centration ~SC! for flat sputtered ZnO and rough LPCVD ZnO. These
sketches are drawn from the original TEM micrographs given in Fig. 2.
Dark gray regions represent crystalline material whereas light gray regions
represent amorphous material. Voids/cracks are represented in white. The
homogeneously thick n-layer on flat ZnO is represented with a black straight
line on sketches ~a! and ~b!. On the rough ZnO the n layer is not homoge-
neous any longer, it is, thus, represented by inhomogeneous black spots
@sketches ~c! and ~d!#. One can see qualitatively how the heterophase layer is
modified by the silane concentration SC on each of the two substrates used.This fan-like type of growth is accompanied by competition
between the conglomerates, resulting in an increasing lateral
size of the conglomerates emerging at the surface of growth.
Indeed, a conglomerate shadowing by its fan-like growth an-
other conglomerate enhances its lateral size, whereas the lat-
eral size of the covered conglomerate is reduced progres-
sively to zero as the layer grows. As a consequence, a
conglomerate starting on top of a higher-than-average tetra-
hedron will tend to win the competitive growth over the
other conglomerates. The result of this process is that the
highest tetrahedrons of the substrate are still perceptible on
top of the cell, as observed in TEM micrographs in Figs. 2~c!
and 2~d!. This effect can partly explain the high value of
surface roughness for cells deposited on LPCVD ZnO at
high SC.
B. Open-circuit voltage Voc of nÀiÀp cells
As previously observed, increasing SC towards values
close to the transition to amorphous material deposition con-
ditions increases the value of Voc . In this region of the space
of deposition parameters, the changes in the microstructure
of the i layer observed in this study, occur mostly in the
heterophase layer. It is, thus, of interest to establish a rela-
tionship between the microstructural parameter nd and the
value of Voc .
In Fig. 8, we observe that the behavior of Voc vs nd
exhibit the same trend on both substrates. The Voc estab-
lished in cells on LPCVD ZnO is, however, lower than the
cells on sputtered ZnO; this result could be due to the differ-
ent outcome of the n-doped layers on the two substrates.
It is important to stress that we have not observed here
that the amorphous phase simply constitutes a continuous
amorphous incubation layer over the n layer. On the contrary,
the amorphous phase is observed to surround the microcrys-
talline phase, insuring thus the passivation of the crystallite
and/or conglomerate boundaries.
FIG. 8. Relationship between the linear density of nuclei nd and the open-
circuit voltage Voc of the cells on sputtered and LPCVD ZnO. Note that nd
is evaluated for the unfolded surface area of the underlying ZnO layer.
6The lower that nd is, the larger that h becomes @see Figs.
5~a! and 5~b!# and, consequently, the larger the average
amorphous volume fraction is within the device. This effect
is more pronounced on the rough substrate, where the valleys
are filled with amorphous material and the thickness h of the
heterophase layer is consequently increased compared to the
case of a flat substrate ~see Fig. 5!. Nevertheless, we have not
been able here to quantify the microstructural changes above
the heteorphase layer. Before attributing the observed varia-
tion of Voc with SC solely to the heterophase layer charac-
teristics (nd and h! one should also look for any microstruc-
tural modifications of the material above the heterophase
layer.
V. CONCLUSIONS
Our detailed investigation of the material microstructure
as incorporated in complete working n2i2p devices shows
that the silane concentration at which the i layer is deposited
has a major effect on the bottom of the i-layer microstruc-
ture, the so-called heterophase layer. Indeed, in these de-
vices, the amorphous volume fraction is higher at the bottom
of the i-layer. In particular, the crystalline nuclei density nd
and the heterophase layer thickness h vary notably with SC.
Furthermore, the substrate type ~here flat sputtered ZnO
and rough LPCVD ZnO, both on glass! influences the micro-
structure of the microcrystalline material: it affects the nature
of the n layer as well as the lateral sizes of the crystallite
conglomerates and the roughness of the final device layer ~p
layer!. The latter plays an important role for the light scat-
tering properties of the device.
For both series of n2i2p cells a relationship between
the microstructure ~specifically, the linear nucleation density
nd) and the open-circuit voltage Voc of the devices has been
presented: the lower the nucleation density the higher is the
resulting value of Voc . As a general consequence, techno-
logical control of the first stage of growth of the i layer ~i.e.,
of the heterophase layer! is of paramount importance to pro-
duce cells with a high value of Voc .ACKNOWLEDGMENTS
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